Mood disorders frequently co-occur with medical diseases that involve inflammatory pathophysiologic mechanisms. Immune responses can affect the brain and might increase the risk of mood disorders, but longitudinal studies of comorbidity are lacking.
M ood disorders frequently co-occur with medical illnesses that involve inflammatory pathophysiologic mechanisms, such as cancer and cardiovascular diseases. [1] [2] [3] The development of mood disorders has recently been linked to inflammation, 4, 5 and experimental activation of inflammatory reactions has been demonstrated to induce symptoms of mood disorders in human and animal studies. [5] [6] [7] [8] [9] Immune components, such as proinflammatory cytokines and brain-reactive antibodies, can induce changes in neurotransmitter and neuroendocrine function related to psychiatric disorders. 5, 10, 11 In addition, several studies 12 have identified diverse immune alterations in subgroups of persons with mood disorders without other known somatic comorbidities. Inflammation is inherent to infections and autoimmune diseases. Several autoimmune diseases have been associated with mood disorders, [13] [14] [15] possibly induced by inflammation or brainreactive antibodies. [16] [17] [18] The prime candidates for initiating autoimmunity are infections, which may cause autoantibodymediated central nervous system (CNS) disorders. 17, 19, 20 The circulating brain-reactive antibodies and cytokines are particularly likely to reach the brain after compromise of the blood-CNS barriers during periods of stress, infections, and inflammation. 17, 21 Indeed, CNS inflammation and blood-CNS barrier dysfunction has been observed in subgroups of patients with severe depression. 22 In addition, animal studies 23 have found that the presence of peripheral brain-reactive antibodies may induce neuropsychiatric symptoms after experimental administration of inflammation that increases the permeability of the blood-CNS barriers. Consequently, it appears that infections and autoimmune diseases can affect the brain independently and in a synergistic manner, which may ultimately increase the risk of a subsequent development of mood disorders.
Only a few smaller studies 24, 25 have used longitudinal data to study the relationship between inflammation and mood disorders, and recent reviews 5, 26 have emphasized the need for investigations of the link between autoimmune diseases and infections on the subsequent risk of mood disorders. To our knowledge, this is the first population-based register study on autoimmune diseases and severe infections as risk factors for the subsequent development of mood disorders.
Methods

Study Population
Data were obtained by linkage of the national Danish registers using unique personal registration numbers, which are assigned to every Dane at the time of birth. 27 The population was defined through the Danish Civil Registration System, which provides information on the date of birth, sex, and parents of all persons born in Denmark. 28 Individuals born between January 1, 1945, and December 31, 1995 , and who were alive at their 16th birthday and January 1, 1977, or later, formed the study population. The cohort members were followed up from January 1, 1977 1, , until December 31, 2010 . During this period, the registers contained complete information about hospital contacts. The study cohort hence includes persons exposed to hospital contacts because of infections and autoimmune diseases from birth until age 65 year, and they are followed up for hospital contacts because of mood disorders from the age of 16 years until 65 years.
The Registers
The 
Assessment of Mood Disorders and Other Psychiatric Disorders
Cohort members were classified as having mood disorders if they had been hospitalized, had an emergency department contact, or had an outpatient contact because of an affective episode as diagnosed by the treating psychiatrist. 
Assessment of Autoimmune Disease and Infection
The time of onset of an autoimmune or infection diagnosis was defined as the first day of the hospital contact that led to the recording of a diagnosis of these diseases in the Danish National Hospital Register. Each person can have a history of more than one autoimmune disease and more than one infection. Persons were classified as having a positive history of 1 or more of the 30 autoimmune diseases listed in 
Statistical Analysis
The members of the cohort were followed up until onset of a mood disorder requiring hospital contact, hospital contact for HIV or AIDS, death, emigration from Denmark, disappearance, or December 31, 2010 (whichever came first 
Results
The study population consisted of 3 562 260 people born in Denmark between 1945 and 1995. In this cohort, 91 637 individuals were diagnosed as having a mood disorder (55 677 females and 35 960 males) from January 1, 1977, through December 31, 2010. The total follow-up time was 77 506 581 person-years. Before the diagnosis of a mood disorder, a total of 29 194 patients (31.9%) were diagnosed as having one or more infections (19 424 females and 9770 males), 4195 (4.6%) were diagnosed as having one or more autoimmune diseases (2692 females and 1503 males), and 2113 (2.3%) were diagnosed as having an autoimmune disease and an infection (1416 females and 697 males). The population-attributable risk of mood disorders associated with hospital contacts for infections was 12.1% (ie, the proportion of mood disorder cases that could be avoided if the association with hospital contacts for infections was causal and could be eliminated). Hospital contacts for autoimmune diseases were associated with a populationattributable risk of 1.4% of the mood disorders. All analyses were adjusted for sex, age, and calendar period, unless otherwise stated. A positive history of an infection, compared with its absence, was associated with an IRR for mood disorder of 1.63 (95% CI, 1.61-1.66). Similarly, a positive history of an autoimmune disease, compared with its absence, was associated with an IRR for mood disorder of 1.57 (95% CI, 1.52-1.62). However, when infections are excluded from the model, the IRR of mood disorders diminished to 1.45 (95% CI, 1.39-1.52). In persons with 33 for the interaction of infections and autoimmune diseases was statistically significant at 1.27 (95% CI, 1.15-1.39), indicating that the effect on the risk of a mood disorder diagnosis is larger than what would be predicted using an additive effect of infections and autoimmune diseases. The multiplicative effect (ie, statistical interaction) was, however, not significant (IRR, 1.00; 95% CI, 0.94-1.07). Thus, the risk of mood disorders for persons with an autoimmune disease and an infection was larger than predicted by the combination of the single effects of the 2 disease groups, indicating the presence of a synergistic effect of the 2 exposures.
The IRR of mood disorders was increased irrespective of the site of infection (Table 1) , with hepatitis resulting in the most elevated risk of mood disorders (IRR, 2.82; 95% CI, 2.58-3.08), followed by sepsis (IRR, 2.06; 95% CI, 1.85-2.29) and urogenital infections (IRR, 2.05; 95% CI, 2.00-2.10). The risk of mood disorders after a specific autoimmune disease was elevated for all individual autoimmune diseases and significant for most ( Table 2 ). The risk of developing mood disorders was elevated the most in the group of autoimmune diseases with suspected presence of brain-reactive antibodies (IRR, 1.58; 95% CI, 1.49-1.68), particularly when combined with an infection (IRR, 2.49; 95% CI, 2.35-2.65).
Among persons with just one hospital contact for infection and no autoimmune diseases, the IRR for a subsequent Table 3 ). The risk of mood disorders seems to increase in a dose-response relationship with the number of infections, resulting in an IRR for mood disorders of 3.36 (95% CI, 3.06-3.68) for 8 or more hospital contacts for infections and no autoimmune diseases (Figure) . In Table 3 , results are also listed for hospital contacts with the number of different types of infections, which raises the risk of mood disorders with an IRR 4.80 (95% CI, 3.78-6.09; Table 3 ) in persons with 5 or more different types of infections and no autoimmune diseases. Persons with 2 or more autoimmune diseases and a hospital contact for infection had a more elevated risk of mood disorders (IRR, 2.66; 95% CI, 2.36-3.00) than persons with 1 autoimmune disease and a hospital contact for infection (IRR, 2.31; 95% CI, 2.21-2.42).
A significant statistical interaction was found between the number of hospital contacts for infections and autoimmune diseases (P = .04) and between the number of different types of infections and autoimmune diseases (P = .04). For persons with and without autoimmune diseases there seems to be a dose-response relationship where the risk of mood disorder increases with the number of admissions and with different types of infections. Persons with 5 or more different types of infections have a higher risk of mood disorders if no autoimmune disease is present, whereas persons with fewer than 4 infections have the highest risk if autoimmune diseases are present. The risk of developing a mood disorder increased with the proximity in time of the infection ( Table 4) . A significant statistical interaction was found between autoimmune disease and time since the last infection (P = .04). The IRR of a mood disorder increased with the temporal proximity of the last infection to 4.33 (95% CI, 3.90-4.81) for persons with an autoimmune disease and 2.70 (95% CI, 2.60-2.80) for persons without an autoimmune disease, if the last infection had occurred less than 1 year earlier.
Sensitivity analyses revealed no differences between the joint effect of infections and autoimmune diseases among persons with or without substance use (P = .54) with a similar pat- tern of results as the total study population when persons with substance use disorders are excluded (eTable in Supplement). Likewise, people with a psychiatric family history did not have a larger effect of autoimmune diseases and infections than persons without a psychiatric family history (P = .49). The number of hospital contacts for infection and autoimmune diseases also did not add significantly more to the increased risk of mood disorders in persons with a psychiatric family history than persons without a psychiatric family history (P = .75). However, the main effect of a psychiatric family history increases the risk of mood disorders with an IRR of 2.17 (95% CI, 2.12-2.21) compared with persons without a psychiatric family history. When the main effects of a psychiatric family history in the analysis were included, the persons with a psychiatric family history and a hospital contact for an infection had an increased IRR of mood disorders of 3.06 (95% CI, 2.96-3.14). A hospital contact for an autoimmune disease increased the risk of mood disorders (IRR, 2.68; 95% CI, 2.41-2.98), and hospital contacts for infections and autoimmune diseases increased the risk of mood disorders (IRR, 3.83; 95% CI, 3.48-4.21) in people with a psychiatric family history when compared with persons without a psychiatric family history and without hospital contacts for infection and autoimmune diseases. Sensitivity analysis by age revealed a significant effect of age on the risk of mood disorders after an infection, with persons older than 30 years having a more elevated risk (P = .046) of mood disorders (IRR, 1.70; 95% CI, 1.67-1.73) than persons younger than 30 years (IRR, 1.53; 95% CI, 1.49-1.56). Sensitivity analysis on calendar period and between the ICD-8 and ICD-10 periods revealed no significant differences on the overall estimates. Also when restricting the cohort to include only persons born after 1977, when we have complete lifetime follow-up of hospital contacts in the registers, we found identical results as in the large cohort. The relative risks of a mood disorder are most elevated for women after an infection (females: IRR, 1 
Discussion
In this national cohort study, infections and autoimmune diseases increased the risk of subsequent mood disorders in a dose-response relationship. Infections were the most common risk factor, occurring in 32% of patients before the first psychiatric contact for a mood disorder, and seem to increase the risk of mood disorders more than did the autoimmune diseases, which only occurred in 5% of the patients. The risk of mood disorders for persons with an autoimmune disease and an infection was larger than predicted by the combination of the single effects of the 2 disease groups, indicating the presence of a synergistic effect of the 2 exposures.
The possible involvement of infections as a risk factor in the pathogenesis of mood disorders has previously only been investigated in a few small studies. 25, 35, 36 Our results indicated that any history of hospitalization for infection increased the risk of mood disorders by 62%. The risk of mood disorders increased with the temporal proximity of the last infection, especially in persons with autoimmune diseases for whom an infection within the last year increased the risk of mood disorders more than 4 times, suggesting that the re- sults might be due to a contemporary inflammatory process. Hospital contacts for infections increased the risk of mood disorders in a dose-response relationship, with individuals with 5 or more hospital contacts with different types of infections having an increased risk of subsequent mood disorders of almost 5 times. The population-attributable risk associated with hospital contacts for infections accounted for 12% of the mood disorder cases in the present study. It remains unclear whether the results can be generalized to the more frequently occurring less severe infections and mood disorders treated by the general practitioner or to those going untreated because only hospital contacts are included in the Danish national registers. The severe infections are probably more likely to affect the brain than the less severe infections because of a more extensive inflammatory response. However, a recent study 35 has demonstrated associations of seropositivity for influenza and coronaviruses with mood disorders, and in accordance with our findings, similar associations with bipolar disorder and unipolar depression were detected. Another smaller study 25 found
an association between infections in early life and the occurrence of a broad range of mental disorders, including major depression, during youth. Several autoimmune diseases have previously been associated with mood disorders in smaller studies, 13, 15, 37 and elevated autoantibody levels and increased autoantibody reactivity have been observed in subgroups of patients with severe depression. 17, 38 In a population-based study, Eaton et al 14 found
a 70% increased risk of developing bipolar disorder (n = 9920) within 4 years of an autoimmune disease diagnosis and a 20% increased risk in the time span from 5 years onward after the diagnosis compared with the background population. Our analysis included 91 637 patients with mood disorder and found that autoimmune diseases were associated with an increased risk of mood disorders by 57%, but when separating the effect of infections, the increased risk was reduced to 45%. The risk estimates were primarily driven by unipolar depression that amounted to clearly the most cases, with an increased risk of 46% after a hospital contact with an autoimmune disease, whereas the risk of bipolar disorder was increased by 25%. In persons with a hospital contact for autoimmune diseases and infections, the risk of developing mood disorders was increased 2.35 times. The significant synergy index detected in this study may indicate a biological interaction between autoimmune diseases and infections 39,40 but needs to be interpreted cautiously because this interpretation of the synergy index rests on the assumption of no residual confounding from unmeasured or unknown risk factors for mood disorders that are unevenly distributed across the exposure groups.
41
The associations found in this study suggest that autoimmune diseases and infections are important etiologic factors in the development of mood disorders in subgroups of the patients possibly because of the effects of inflammatory activity. Systemic inflammation can induce a "sickness behavior," with symptoms of fatigue, reduced appetite, apathy, decreased social interaction, impaired concentration, and sleep disturbances. 5 Many of these symptoms are similar to symptoms of depression, and studies 8 have suggested that in vulnerable individuals prolonged sickness behavior can progress to depression. The sickness behavior could be explained from an evolutionary perspective as an appropriate response to inflammation to release energy for the immune system and to reduce the spreading of infectious diseases. 5 The behavioral changes in sickness behavior are probably coordinated by the CNS and initiated by peripheral signals that reach particular brain centers. 42 Innate and adaptive immune responses might be involved, and there are many different routes of communication between the periphery and the brain, such as stimulation of peripheral nerves and immune components, that can induce synthesis of proinflammatory molecules in the CNS. 5 The increased inflammation that occurs in autoimmune diseases and infections may influence the brain through increased blood-CNS barrier permeability, making the brain vulnerable to infectious agents and immune components, such as cytokines and brain-reactive antibodies. In support of this hypothesis, the risk of developing a mood disorder was elevated the most in the group with autoimmune diseases and a suspected presence of brain-reactive antibodies and infections. Furthermore, proinflammatory cytokines can affect the tryptophan-kynurenine pathway, which regulates serotonin production and N-methyl-D-aspartate glutamate receptor activity. 5, 43 Activation of the immune system additionally increases the activity of the hypothalamic-pituitary-adrenal axis, which is known to be involved in depression. 5, 10 The major hormonal output of the hypothalamic-pituitary-adrenal axis is glucocorticoids, such as cortisol, which also are important regulators in the homeostatic control of the immune system.
44
Activated inflammatory processes have also been suggested to be involved in other mental illnesses, such as schizophrenia, 45 particularly in relation to the negative and cognitive symptoms, which overlap with symptoms of mood disorders. 46 However, even though the present findings are similar to our previous results on schizophrenia, 45 the psychological effects of having a disease severe enough to require a hospital contact may have a greater effect on the increased risk of mood disorders than is the c ase for schizophrenia. The effects of hospitalization might be nonspecific and may desensitize the patient to health care professionals and increase the detection of subsequent mood disorders. However, the findings are not due to only detection bias because the elevated risk of mood disorders remained significant more than 15 years after the last hospital contact for a severe infection. In addition, hospital contacts for infections increased the risk of mood disorders more than autoimmune diseases did, which would probably require treatment for longer periods, if not lifelong treatment, opposite of many infections that can be successfully treated and eliminated. Furthermore, the group of autoimmune diseases with a suspected presence of brain-reactive antibodies was associated with higher risks of subsequent mood disorders than the group without, and several of the patients with autoimmune diseases who required hospitalization did not display a significantly increased risk of mood disorders. Exposure to physical or psychologic stressors is also well known to increase the risk of acquiring infections 47 and enhances immune responses. 48 Patients frequently report phases of stress preceding the development of mood disorders, and the inflammatory response might simply be a parallel finding and not a causal relationship. Inflammation-related genes have been associated with susceptibility to mood disorders, 49 and environmental influences, such as infections and autoimmune diseases, may interact with genetic factors. Nevertheless, our results suggest that persons with a psychiatric family history are not more vulnerable to developing mood disorders than persons without a psychiatric family history after a hospital contact for autoimmune diseases or infections. However, a psychiatric family history is probably too crude an indicator of variation in individual genes to exclude an effect of genetic stratification. Psychiatric family history and substance use could also represent a proxy for adverse social factors, even though in this analysis these factors do not influence the association among infections, autoimmune diseases, and the subsequent development of mood disorders. An iatrogenic effect of medical treatment seems unlikely to explain the major associations in this study because only some of the included autoimmune diseases would be treated with steroids, for instance, that may increase the risk of mood disorders, and there is no evidence of antibiotics being related to an increased risk of mood disorders. Anti-inflammatory agents have actually been suggested to improve mood symptoms in patients with inflammatory disorders and enhance responsiveness to antidepressants.
2,46,50-52
We only included hospital contacts, and the less severe cases of infections, autoimmune diseases, and mood disorders not requiring a hospital contact could not be included, which is a limitation on the generalization of the data to those with less severe illness but also a strength regarding the actual diseases that have been severe enough to require a hospital contact. Patients with autoimmune diseases and those with mood disorders can have a long duration of untreated illness or may not require a hospital contact, which could bias the time of disease onset reported in this study. In addition, the relationship might even be bidirectional because psychological stress associated with mood disorders might also be a trigger for autoimmune disease activity and infections. Nonetheless, our findings illustrate robust associations between hospital contacts for autoimmune diseases and infections and subsequent first-time diagnosis of severe mood disorders that require a hospital contact.
In conclusion, autoimmune diseases and the number of severe infections are independent and synergistic risk factors for mood disorders, with hospital-treated infections being the most common risk factor, with a population-attributable risk of 12% in this national cohort. These associations are compatible with the hypothesis of a general immunologic response affecting the brain in subgroups of patients with mood disorders. Although the hypothesis of an immunologic contribution is interesting, it remains unclear precisely how the immunologic process affects the brain and whether it is a causal relationship or an epiphenomenon of underlying genetic, psychological, or non-immune-related mechanisms.
